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We analyse a simple setup in whih a quantum dot is strongly onneted to a metalli grain or
nite size wire and weakly onneted to two normal leads. The Kondo sreening loud essentially
develops in the strongly oupled grain whereas the two weakly onneted reservoirs an be used as
transport probes. Sine the transport hannels and the sreening hannels are almost deoupled,
suh a setup allows an easier aess to the measure of nite-size Kondo eets.
PACS numbers:
I. INTRODUCTION
One of the most remarkable ahievements of reent
progress in nanoeletronis has been the observation of
the Kondo eet in a single semi-ondutor quantum
dot.
1,2,3
When the number of eletrons in the dot is odd,
it an behave as an S = 1/2 magneti impurity interat-
ing via magneti exhange with the ondution eletrons.
One of the main signatures of the Kondo eet is a zero-
bias anomaly and the ondutane reahing the unitary
limit 2e2/h at low enough temperature T < T 0K . T
0
K
stands for the Kondo temperature and is the main energy
sale of the problem. At low temperature, the impurity
spin is sreened and forms a singlet with a ondution
eletron belonging to a very extended many-body wave-
funtion known as the Kondo sreening loud. The size of
this sreening loud may be evaluated as ξ0K ≈ h¯vF /T 0K
where vF is the Fermi veloity. In a quantum dot, the
typial Kondo temperature is of order 1 K whih leads
to ξ0K ≈ 1 miron in semionduting heterostrutures.
Finite size eets (FSE) related to the atual extent of
this length sale have been predited reently in dierent
geometries: an impurity embedded in a nite size box,
4
a quantum dot embedded in a ring threaded by a mag-
neti ux,
5,6,7,8
and a quantum dot embedded between
two open nite size wires (OFSW) (by open we mean
onneted to at least one external innite lead).
9,10
In
the ring geometry, it was shown that the persistent ur-
rent indued by a magneti ux is partiularly sensitive
to sreening loud eets and is drastially redued when
the irumferene of the ring beomes smaller than ξ0K .
5
In the wire geometry, a signature of the nite size ex-
tension of the Kondo loud was found in the tempera-
ture dependene of the ondutane through the whole
system.
9,10
To be more preise, in a one-dimensional ge-
ometry where the nite size l is assoiated to a level spa-
ing ∆, the Kondo loud fully develops if ξ0K ≪ l, a ondi-
tion equivalent to T 0K ≫ ∆. On the ontrary, FSE eets
appear if ξ0K > l or T
0
K < ∆.
Nevertheless, in suh a two-terminal geometry, the
sreening of the artiial spin impurity is done in the
OFSWs whih are also used to probe transport prop-
erties through the whole system. This brings at least
two main drawbaks: rst, the analysis of FSE relies
on the independent ontrol of the two wire gate volt-
ages and also a rather symmetri geometry. This is di-
ult to ahieve experimentally. In order to remedy these
drawbaks, we propose and study here a simpler setup in
whih the sreening of the impurity ours mainly in one
larger quantum dot or metalli grain
11
or OFSW and the
transport is analyzed by help of one or two weakly ou-
pled leads. In pratie, a lead weakly oupled to the dot
by a tunnel juntion allows a spetrosopi analysis of the
dot loal density of states (LDOS) in a way very similar
to a STM tip. The rather general geometry we study is
depited in Fig. 1. We note that this geometry has also
been proposed by Oreg and Goldhaber-Gordon
12
to look
for signatures of the two-hannel Kondo xed point or
by Craig et al.
13
to analyze two quantum dots oupled to
a ommon larger quantum dots and interating via the
RKKY interation. In the former ase, the key ingredi-
ent is the Coulomb interation of the grain whereas in
the latter, the grain is largely open and used simply as a
metalli reservoir mediating both the Kondo and RKKY
interations. Here we are interested in the ase where
nite-size eets in the larger quantum dot or metalli
grain do matter whereas in the aforementioned experi-
ments the level spaing was among the smallest sales.
The plan of the paper is the following: in setion 2,
we present the model Hamiltonian and derive how the
FSE renormalizes the Kondo temperature in our geome-
try. In setion 3, we show how FSE aet the transport
properties of the quantum dot and perform a detailed
spetrosopi analysis. The eet of a nite Coulomb
energy in the grain is also disussed. Finally setion 4
summarizes our results.
II. PRESENTATION OF THE MODEL
A. Model Hamiltonian
The geometry we analyze is depited in Fig. 1. In this
setion we assume that the large dot is onneted to a
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FIG. 1: Shemati representation of the devie under analysis.
When the grain Coulomb blokade energy is not negleted, we
assume that the grain potential an be ontrolled by a voltage
gate e0.
third lead. We neglet the Coulomb interation in the
grain. As we will see in the next setion, the Coulomb
interation does not aet the main results we disuss
here. In order to model the nite-size grain onneted
to a normal reservoir, we hoose for onveniene a nite-
size wire haraterized by its length l or equivalently by
its level spaing ∆ ∼ h¯vF /l. In fat, the preise shape
of the nite-size grain is not important for our purpose
as soon as it is haraterized by a mean level spaing ∆
separating peaks in the eletroni density of states. We
assume that the small quantum dot is weakly oupled to
one or two adjaent leads (L and R). On the Hamiltonian
level, we use the following tight-binding desription, and
for simpliity model the leads as one-dimensional wires
(this is by no means restritive): H = HL +HR +H0 +
Hdot +Htun with
HL = −t
∞∑
j=1,s
(c†j,s,Lcj+1,s,L + h.c.)− µLnj,s,L (1)
H0 = −t
∞∑
j=1,s
(c†j,s,0cj+1,s,0 + h.c.)− µ0nj,s,0 (2)
+(t− t′)
∑
s
(c†l,s,0cl+1,s,0 + h.c.)
Hdot =
∑
s
ǫdnd,s + Und↑nd↓ (3)
Htun =
∑
s
∑
α=L,R,0
(tαc
†
dsc1,s,α + h.c.). (4)
HR is obtained from HL by hanging L → R. Here
cj,s,α destroys an eletron of spin s at site j in lead
α = 0, L,R; cd,s destroys an eletron with spin s in the
dot, nj,s,α = c
†
j,s,αcj,s,α and nds = c
†
dscds. The quan-
tum dot is desribed by an Anderson impurity model,
ǫd, U are respetively the energy level and the Coulomb
repulsion energy in the dot. The tunneling amplitudes
between the dot and the left lead, right lead and grain
are respetively denoted as tL, tR, t0 (see Fig. 1). The
tunneling amplitude amplitude between the grain and
the third lead is denoted as t′ (see Fig. 1). Finally t
denotes the tight binding amplitude for ondution ele-
trons implying that the eletroni bandwidth Λ0 = 4t.
Sine we want to use the left and right leads just as
transport probes, we assume in the rest of the paper that
tL, tR ≪ t0.
We are partiularly interested in the Kondo regime
where 〈nd〉 ∼ 1. In this regime, we an map Htun+Hdot
to a Kondo Hamiltonian by help of a Shrieer-Wol
transformation:
HK = Htun +Hdot =
∑
α,β=L,R,0
Jαβc
†
1,s,α
~σss′
2
· ~Sc1,s′,β,
(5)
where Jαβ = 2tαtβ(1/|εd|+ 1/(εd + U)). It is lear that
J00 ≫ J0L, J0R ≫ JLL, JRR, JLR. In Eq. (5), we have
negleted diret potential sattering terms whih do not
renormalize and an be omitted in the low energy limit.
B. Kondo temperatures
The Kondo temperature is a rossover sale separating
the high temperature perturbative regime from the low
temperature one where the impurity is sreened. There
are many ways to dene suh sale. We hoose the per-
turbative sale whih is dened as the sale at whih the
seond order orretions to the Kondo ouplings beome
of the same order of the bare Kondo oupling. Note that
all various denitions of Kondo sales dier by a on-
stant multipliative faor (see for example Ref. [8℄ for a
omparison of the perturbative Kondo sale with the one
oming from the Slave Boson Mean Field Theory).
The renormalization group equations relate the Kondo
ouplings dened at sales Λ0 and Λ. They simply read:
Jαβ(Λ) ≈ Jαβ(Λ0) (6)
+
1
2
∑
γ
Jαγ(Λ0)Jγβ(Λ0)

 Λ0∫
Λ
+
−Λ∫
−Λ0

 ργ(ω)
|ω| dω
where ργ is the LDOS in lead γ seen by the quantum dot.
When the density of states ργ are uniform, the RG equa-
tions an be rewritten by introduing λˆ, the matrix of the
dimensionless Kondo ouplings: λαβ =
√
ραρβJαβ .
9,14
The Kondo temperature TK may be therefore dened as
1
2

 Λ0∫
TK
+
−TK∫
−Λ0

 Tr(λˆ(ω))
|ω| dω = 1. (7)
Sine J00 ≫ JLL, JRR, the Kondo temperature essen-
tially depends on the LDOS in the lead 0 and the Kondo
3temperature denition an be well approximated by
J00
2

 Λ0∫
TK
+
−TK∫
−Λ0

 ρ0(ω)
|ω| dω = 1 (8)
When the lead 0 beomes innite (i.e. when t′ = t),
ρ0(ω) = ρ0 = const and we reover TK = T
0
K the
usual Kondo temperature where a onstant density of
states is assumed. It is worth noting that inluding
the Coulomb interation in the grain does not aet
muh the Kondo temperature. The grain Coulomb en-
ergy EG slightly renormalizes J00 in the Shrieer-Wol
transformation
12
sine EG ≪ U, |ǫd|.
The LDOS ρ0 an be easily omputed and orresponds
in the limit t′2 ≪ t2 to a sum of peaks at positions
ωn = −2t cosk0,n−µ0 of width γn ≈ 2(t
′)2 sin3(k0,n)
tl where
k0,n ≈ πn/(l+ 1) +O(t′2/t2l) (Ref. 9). The LDOS ρ0 is
very well approximated by a sum of Lorentzian funtions
9
in the limit t′ ≪ t :
πρ0(ω) ≈ 2
l+ 1
∑
n
sin2(k0,n)
γn
(ω − ωn)2 + γ2n
. (9)
This approximation is quite onvenient in order to esti-
mate the Kondo temperature TK through (8). Note that
the position of the resonane peaks may be ontrolled by
the hemial potential µ0. Another possibility is to x
µ0 and to add a small transverse magneti eld whih
modies the orbital part of the eletroni wave funtion
in the grain and therefore shift the resonane peak posi-
tions. When the level spaing∆n ∼ 2πt sink0,n/l is muh
smaller than the Kondo temperature T 0K , no nite-size ef-
fets are expeted. Indeed, the integral in (8) averages
out over many peaks and the genuine Kondo temperature
is TK ∼ T 0K . On the other hand, when T 0K ∼ ∆n, the
Kondo temperature begins to depend on the ne stru-
ture of the LDOS ρ0 and a areful alulation of the inte-
gral in (8) is required. Two ases may be distinguished:
either ρ0 is tuned suh that a resonane ωn sits at the
Fermi energy EF = 0 (labeled by the index R) or in a
non resonant situation (labeled by the index NR).
In the former ase, we an estimate
TRK =
γn∆n√
(∆2n + γ
2
n) exp
(
2
J00(∆n)ρR0 (0)
)
−∆2n
≈ γn exp
(
− 1
J00(∆n)ρR0 (0)
)
≈ γn
(
T 0K
∆n
)piγn
∆n
,(10)
where we approximate the on-resonane LDOS at EF = 0
by πρR0 (0) ≈ 2 sin2 k0,n/lγn. In the latter ase, we obtain,
TNRK = ∆n exp
(
− πl∆
2
n
16J00(∆n) sin
2(k0,n)γn
)
≈ ∆n exp
(
− 1
J00(∆n)ρNR0 (0)
)
≈ ∆n
(
T 0K
∆n
)pi∆n
8γn
,(11)
where πρNR0 (0) ≈ 16γn sin2 k0,n/l∆2n. These two sales
are very dierent when t′2 ≪ t2. By ontrolling ρ0, we
an ontrol the Kondo temperature (only when TK ≤ ∆).
The main feature of suh geometry is that the sreening
of the artiial spin impurity is essentially performed in
the open nite-size wire orresponding to lead 0. Now
we want to study what are the onsequenes of FSE on
transport when one or two leads are weakly oupled to
the dot. This is the purpose of the next setion.
III. TRANSPORT SPECTROSCOPY OF A
QUANTUM DOT COUPLED TO AN OPEN
GRAIN
In this setion, we onsider a standard three-terminal
geometry as depited in Fig. 1 and analyze the ondu-
tane matrix of the system. There are several approahes
we may ombine to obtain suh quantity for the whole
temperature range. Nonetheless, before going into these
details, let us analyze the dot density of states in presene
of FSE in the grain.
A. Density of states
We have used the Slave Boson Mean Field Theory
(SBMFT)
15
in order to alulate the dot density of states.
This approximation desribes qualitatively well the be-
havior of the Kondo impurity at low temperature T ≤ TK
when the impurity is sreened. This method has been
proved to be eient to apture nite size eets in Ref.
9. The main advantage of the SBMFT relies on its abil-
ity to qualitatively reprodue the energy sales of the
problem (here the Kondo temperature).
An interesting quantity to look at is the dot density of
states ρd(ω). The density of states an be read from the
dierential ondutane as follows: The urrent in the
left eletrode IL reads:
16
IL =
4e
h
ΓL
∞∫
−∞
[
2πf(ω − µL)ρd(ω)−G<d (ω)
]
dω, (12)
where ρd is the dot LDOS, G
<
d (ω) =
∫
eiωt〈d†d(t)〉 the
lesser Green funtion for the dot and ΓL/R = πt
2
L/RρL/R.
The standard proedure is to get rid of the lesser dot
Green funtion using the urrent onservation (here
IL + IR + I0 = 0). Nevertheless, suh proedure is
useful only when the leads density of states an be as-
sumed onstant on the typial sale we are interested in.
This is not the ase here beause of the variations of
Γ0(ω) = πt
2
0ρ0(ω). Nevertheless, one an make progress
by assuming ΓL/R ≪ Γ0(ω) suh that for low bias the dot
Green funtions weakly depend on the hemial potential
4in the left and right leads. Therefore
e
dI
dµL
≈ 2e
2
h
4ΓL
∞∫
−∞
(−df(ω)
dω
)
πρd(ω + µL)dω, (13)
whih allows an experimental aess to ρd(µL). Note
that a similar approximation is used for STM theory with
magneti adatoms
17
. We have plotted ρd(ω) in Fig. 2 for
both the non-resonant ase and the on-resonane ase for
three dierent values of ξ0K/l. We took the following pa-
rameters in units of t = 1: t0 = 0.5, tL = tR = 0.1
(therefore t2L << t
2
0), t
′ = 0.5, and l ∼ 1000a (a the
lattie onstant) or equivalently ∆ ∼ 0.006. The Kondo
energy sale ξ0K an be varied using the dot energy level
ǫd whih is ontrolled by the dot gate voltage. When
T 0K ≫ ∆, no nite-size eet is to be expeted. In this
ase, ρd(ω)mimis the density of state in the lead 0 but is
shifted suh that an o-resonane peak in the lead 0 or-
responds to a dot resonane peak. The various peaks
appearing in ρd are inluded in an envelope of width
O(T 0K) ≫ ∆ (whih is a broader range than the gure
2 atually overs for ξ0K/l = ∆/T
0
K ∼ 0.15). This an be
simply understood from a non-interating piture valid
at T = 0. The non-interating dot Green funtion reads
Gdd(ω) ≈ 1
ω − ǫd − δǫ(ω) + iΓ0(ω) , (14)
where δǫ is the real part of the dot self-energy and Γ0 its
imaginary part. The minima's of Γ0 thus orrespond to
the maxima of −Im(Gdd). We also note that the reso-
nane peak is slightly shifted from ω = 0 in this limit.
Therefore the 2-terminal ondutane does not reah its
unitary limit (i.e. its maximum non interating value).
This is due to the fat that we took ǫd = −0.68 and we
are not deep in the Kondo regime. Partile-hole symme-
try is not ompletely restored in the low energy limit.
On the other hand, when ξ0K ≫ l (T 0K ≪ ∆), ρd
hanges drastially. The ne struture in the grain den-
sity of states no longer shows up in ρd. In the o-
resonane ase, only the narrow Kondo peak of width
TNRK ≪ T 0K mainly subsists for ξ0K/l = 5 (upper panel
of Fig. 2). We an also show that the position of the
small peaks at ω ∼ ±∆/2 for ξ0K ≫ l are related to the
resonane peaks in lead 0. We also note that the narrow
peak is this time almost at ω = EF = 0 i.e. partile-hole
symmetry is restored. In order to reah large value of
ξ0K , we took small values of ǫd suh that we are deep in
the Kondo regime where nD ∼ 1.
In the resonant ase, the Kondo peak is split for ξ0K ≫
l. By approximating
Γ0(ω) ≈ t20 sin2(k0,n)
γn/l
ω2 + γ2n
, (15)
at a resonane n, one an well understand the struture of
ρd with the SBMFT. When T
R
K ≫ γn, one an show that
the peak splitting is of order ∼ 2
√
γnTRK and the peaks
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FIG. 2: Dot density of states ρd(ω) for both the non reso-
nant ase (upper panel) and the resonant ase (lower panel).
We took ∆ ∼ 0.006 and plot ρd for ξ
0
K/l = ∆/T
0
K ∼ 0.15,
ξ0K/l = ∆/T
0
K ∼ 1 and ξ
0
K/l = ∆/T
0
K ∼ 5. Note that ρd
has been saled by b20, the slave boson parameter for an easy
omparison between both ases.
width is of order γn. We have shown that the dot density
of states ρd(ω) has interesting features at T = 0 where
FSE an be learly identied. Let us summarize them:
First, when T 0K ≫ ∆, ρd has several peaks embedded in
an enveloppe of width ∼ T 0K assoiated with the grain
one-partile levels and one or two Kondo peaks in the
opposite limit T 0K ≪ ∆. Seond, the position of the
peaks and their widths depend on the grain being on- or
o- resonane.
5B. Finite temperature ondutanes
In this setion, we analyze the ondutane matrix us-
ing various methods. We start with the low temperature
limit.
1. Low temperature regime
At T = 0, it is straightforward to show, using for ex-
ample the sattering formalism,
18
that the ondutane
matrix GUα,β is simply given by
GUα,β =
2e2
h
4ΓαΓβ
(ΓL + Γ0 + ΓR)2
(16)
where Γα = πt
2
αρα(0), and α = l, 0, r. Sine the SBMFT
aims at replaing the initial Anderson Hamiltonian by
a non-interating one, one may easily aess the on-
dutane by diretly applying the Landauer formula or
equivalently by using
Gαβ =
2e2
h
∫
dω
(−∂f
∂ω
)
4Γα(ω)Γβ(ω)
(
∑
α Γα(ω))
Im(−Grdd)(ω).
(17)
We have plotted in Fig. 3, the ondutane between
the left lead L and the lead 0 for both the on- and o-
resonane ases. Note that in absene of Coulomb energy
the density of states in the grain an be ontrolled by the
hemial potential µ0.
The three upper urves orrespond to the non-resonant
ases whereas the three lower urves orrespond to the
resonant ases. In the standard ase orresponding to
ξ0K ≪ l (T 0K ≫ ∆), the ondutane qualitatively fol-
lows the non interating limit exept at high temperature
(here T ≫ T 0K ∼ 0.012) where the ondutane falls down
in the Kondo regime. The ondutanes orresponding
to ξ0K ≫ l are haraterized by an abrupt inrease of the
ondutane at their respetive Kondo temperatures TRK
and TNRK whih are lower than T
0
K .
The main signature of nite size eets ours at an
intermediate temperature T 0K > T ∼ 0.001 > TRK , TNRK .
In this temperature range, the ondutane is already a
fration of its unitary limit value when ξ0K/l ∼ 0.15≪ 1
whereas it is still very low when ξ0K/l ∼ 5 > 1. In this
temperature range, signiant deviations from the non-
interating limit are obtained for ξ0K/l ∼ 5 ontrary to
the ase where ξ0K/l ∼ 0.15 . We also notie that the on-
dutane for the on-resonane ase is non monotonous.
This is analyzed and onrmed analytially further using
Nozières' Fermi liquid approah. As antiipated before
from the spetrosopi analysis, the unitary limit is not
fully reahed for the NR ase at ξ0K < l. It orresponds to
the fat that partile-hole symmetry is not fully restored
at low energy in the SBMFT approximation. Beause of
the large value of T 0K we took (in order to satisfy ξ
0
K < l)
the dot oupation nd starts slightly deviating from 1
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FIG. 3: Condutane between lead L and lead 0 (in units of
2e2/h) as a funtion of temperature when the density of states
in the grain is tuned on resonane (urves denoted as R) and
out of resonane (urves denoted as NR). Three ases were
onsidered: ξ0K/l ∼ 0.15 (lower plain style and upper long
dashed urves), ξ0K/l ∼ 5 (lower dashed and upper dot-dashed
urves). We ompare these urve to the non interating ase
orresponding to ǫd = U = 0 (dotted lines). The level spaing
∆ is indiated by an arrow on the x axis.
whih explains why the unitary limit is not fully restored
at low T .
Similar results an be obviously obtained by analyzing
the ondutane GLR despite the fat that the ampli-
tude of GLR will be in general smaller than GL0 by a
fator ∼ √ΓLΓR/Γ0. In fat, the ondutane GLR an
be made signiantly larger by adjusting the hemial
potential µ0 suh that 〈I0〉 = 0. The grain or OFSW
density of states ρ0 an then be ontrolled by a small
orbital magneti eld or by gating the grain. In the lin-
ear response regime, this an always be realized provided
µ0 = (GL0µL +GR0µR)/(GL0 +GR0). In this sense, the
geometry beomes a two-terminal one. More generally,
one an also show using a general non-equilibrium ap-
proah following Ref. [16℄ that there is a unique value of
µ0 suh that I0 = 0. Note that for a symmetri devie
(between left and right) and µL = −µR = eV/2, symme-
try onsiderations imply I0 = 0 for µ0 = 0. For voltages
smaller than the smallest energy sale of the problem (T 0K
or γn), we an safely use the simplied Meir-Wingreen
formula.
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This two-terminal like  ondutane then
reads:
G
(2)
LR = −
2e2
h
∫
dω
(−∂f
∂ω
)
ΓLR(ω)Im(G
r
dd)(ω), (18)
where ΓLR =
4ΓLΓR
(ΓL+ΓR)
. We have added the index (2)
6to distinguish it from the 3-terminal ondutane. Con-
trary to Eq. (17), this equation is exat and does not
rely on a mean-eld approximation. Under the approxi-
mation tL, tR ≪ t0, one may relate the exat dot Green's
funtion to the on shell T -matrix assoiated with the
sattering problem of an eletron in lead 0 by the dot:
T (ε) ≈ t20Grdd suh that:
G
(2)
LR ≈
2e2
h
∫
dω
(−∂f
∂ω
)
ΓLR(ω)
Γ0(ω)
(−πρ0(ω)Im(T (ω))) .
(19)
We see that by adjusting µ0 suh that I0 = 0, the ampli-
tude of G
(2)
LR an be made of the order of GL0. We have
heked that G
(2)
LR(T ) has the same features as GL0(T )
as it should be.
2. Nozières' Fermi liquid approah
Equation (19) may be good starting point to analyze
the nite-temperature Fermi liquid orretion to the uni-
tary limit. In the Fermi liquid approah the on-shell
T -matrix is expanded at low T as a funtion of ω and
T . Here new energy sales are introdued and this ex-
pansion must be done with are. Let us start with the
o-resonane ase where at low energy ρ0(ω) ∼ const.
In this ase, one an safely use the usual T - matrix
expansion
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− πρ0(ω)Im(T (ω)) ≈ 1− 3ω
2 + π2T 2
2(TNRK )
2
. (20)
We then reover the standard Fermi liquid orretions
G
(2)
LR(T ) ≈ G(2)U
(
1− π2
(
T
TNRK
)2)
, (21)
where G
(2)
U = 4ΓLΓR/(Γ0(ΓLΓR)) . Therefore the o-
resonane ondutane always dereases at low tempera-
ture as depited in Fig. 3. However the situation is more
subtle when ρ0 is on a resonane.
In order to perform an expansion of the on-shell T-
matrix analogous to Eq. (20), one should rst pay at-
tention to the new energy sale γn. When γn ≫ T , one
may reprodue the same expansion as in [19℄. Eq. (20)
remains qualitatively valid provided we replae TNRK by
TRK . Reporting together both Eqs (20) and (15) in Eq.
(19) and performing a Sommerfeld expansion, we nd:
G
(2)
LR(T ) ≈ G(2)U
(
1 + π2T 2
(
2
3(γn)2
− 1
(TRK)
2
))
, (22)
We nd two opposite ontributions to the ondutane at
low temperature: the usual negative one oming from the
T -matrix expansion and a seond positive one depending
on the resonane width. The latter has nothing to do
with interations and is simply an eet of quantum in-
terferene analogous to the Fano resonane reently seen
in quantum dot experiments.
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For a narrow resonane
satisfying γn ≪ TK , the ondutane inreases at low
T ≪ γn. On the other hand, for a broad resonane, we
reover the usual situation. Note that this value sug-
gests an intermediate value of γn where the T
2
orre-
tions anel. For the 3-terminal ondutane matrix, we
an perform a similar analysis starting from Eq. (17)
whih an be regarded as a good approximation of the
ondutane in Nozières' Fermi liquid regime and obtain
almost similar onlusions.
3. High temperature
At temperature higher than the Kondo temperature
T ≫ T 0K , perturbation theory in the Kondo ouplings
an a priori be used. We therefore start diretly from
the Kondo Hamiltonian written in Eq. (5) In order to
ompute the ondutane between the left lead and lead
0, we use the renormalized perturbation theory. At low-
est order, the ondutane reads:
GL0 =
2e2
h
3π2
4
J2L0
∫
dω
(−∂f
∂ω
)
ρLρ0(ω) (23)
When T 0K ≫ ∆, one may replae ρ0 by its average value
and JL0 by its renormalized oupling and the high tem-
perature ondutane takes its standard saling form
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GL0 = G
U
L0
3π2/16
ln2(T/T 0K)
, T ≫ T 0K ≫ ∆ (24)
= GUL0f(
T
T 0K
),
where f(x) is a universal saling funtion suh that
f(x ≫ 1) ≈ 3pi2
16 ln2 x
and GUL0 has been dened in Eq.
(16).
Let us onsider the more interesting situation where
T 0K < ∆. Suppose the bandwidth is redued from ±Λ0
(where λ0 = 4t here) to ±Λ, the renormalization of the
Kondo oupling is well approximated by:
JL0(Λ) = JL0(Λ0)+
1
2
JL0J00

 −Λ∫
−Λ0
+
Λ0∫
Λ

 dωρ0(ω)|ω| . (25)
When Λ ≫ ∆, the integral in Eq. (25) averages over
many peaks in the LDOS ρ0 and we obtain the usual
result for the Kondo model with a onstant density of
states. It implies that in the limit T ≫ ∆, the result
in Eq. (24) remains valid independently of ρ0(ω) being
tuned on or o a resonane.
On the other hand, when Λ ≪ ∆, the integral in
Eq. (25) beomes strongly dependent on ρ0. When
ρ0 is tuned o a resonane and for ∆ ≫ T ≫ TNRK ,
the result in Eq. (24) remains approximately valid pro-
vided we replae T 0K by T
NR
K dened in Eq. (11) suh
that GL0(T ) = GUf(T/T
NR
K ). When ρ0 is tuned on
7a resonane that we assume for onveniene to be at
ω = EF = 0, only the variation of the LDOS in the
viinity of EF matters suh that we further approximate
the LDOS using Eq. (15). The renormalization group
equation in Eq. (25) may be integrated in two steps,
rst between Λ0 and ∆ where the variations of the LDOS
average out and then between ∆ and Λ where
JL0(Λ) ≈ JL0(∆) + 1
2
JL0(∆)J00(∆)ρ0(0) ln
(
1 +
γ2n
Λ2
)
,
(26)
where we assumed γn ≪ ∆. At Λ ≫ ∆, the Kondo
ouplings renormalize following the RG equations given
in Eq. (6). At the sale ∆, the Kondo ouplings have
been weakly renormalized and one may use the RG equa-
tions given in Eq. (6) that imply JL0(∆) ≈ tlt0t2
0
J00(∆).
Using this approximation and the denition of the on-
resonane Kondo temperature in Eq. (10), the ondu-
tane at ∆ > T ≫ γn reads
GL0 ≈ GU 3π
2
16
1
ln2(1 +
γ2n
(TR
K
)2
)
γn
T

1 + ln(1 + γ
2
n
T 2 )
ln(1 +
γ2n
(TR
K
)2
)


2
.
(27)
The high temperature on-resonane ondutane takes a
more ompliated form that the one given in Eq. (24).
Notie nonetheless that the multipliative fator (1+ · · ·)
appearing in Eq. (27) is O(1) sine T ≫ TRK = O(γ).
C. Saling analysis
From the low and high temperature analysis, we have
seen that the ondutane matrix elements annot be in
general simply written as a simple universal saling fun-
tion of T/T 0K both at high and low temperature. This is
partiularly striking when ρ0 was tuned on a resonane
haraterized by the width γn (see Eqs (22) and (27)).
In general, one would expet
Gαβ = G
U
αβ g(
T
T 0K
,
∆
T 0K
,
γn
T
). (28)
In the high temperature regime, this saling funtion
takes a simple form and simply reads f(T/TK) where
TK either equates T
0
K when ∆ ≪ T 0K or an be simply
expressed as a funtion of T 0K ,∆, γn (see eqs (10) and
(11)). Nevertheless, at intermediate or low temperature,
the ondutane in Eq. (28) takes a ompliated saling
form whih depends on γn/T and is in this sense non uni-
versal. It depends on the geometri details of the sample,
at least for bare Kondo temperature T 0K of the order or
smaller than the level spaing ∆. A similar onlusion
has been reahed by Kaul et al.
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by assuming a haoti
large quantum grain and expliitly alulating the utu-
ations and deviations from the universal behavior taking
into aount mesosopi utuations.
D. Finite grain Coulomb energy
In this setion, we disuss whether a nite grain
Coulomb energy modies or not the results presented
in this work. As we already mentioned in setion 2,
the Kondo oupling J00, is almost not aeted by the
grain Coulomb energy EG (sine EG ≪ U) and therefore
the Kondo temperature remains almost unhanged. As
shown in
12,23,24
, a small energy sale EG hanges the
renormalization group equation in Eq. (6). The o-
diagonal ouplings J0L(Λ), J0R(Λ) tend to 0 for Λ≪ EG.
At energy Λ ≪ EG the problem therefore redues to
an anisotropi 2−hannel Kondo problem. The strongly
oupled hannel is the grain 0, the weakly oupled one is
the even ombination of the ondution eletron in the
left/right leads. At very low energy, the xed point of the
anisotropi 2−hannel Kondo model is a Fermi liquid. It
is haraterized by the strongly oupled lead (here the
grain) sreening the impurity whereas the weakly ou-
pled one ompletely deouples from the impurity. The
dot density of states depited in Fig. 2 remains therefore
almost unaeted. The on and o-resonane Kondo tem-
peratures TRK and T
NR
K given in Eqs (10) and (11) remain
valid too. The problem is to read the dot LDOS with
the weakly oupled leads sine they deouple at T = 0.
Nevertheless, for a typial experiment done at low tem-
perature T , suh a deoupling is not omplete and the
dot density of state should be still aessible using the
weakly oupled leads but with a very small amplitude.
In this paper we analyze the situation in whih a grain
or a nite size wire is also used as a third terminal. In
some situations, like the theoretial one presented in [12℄,
no terminal lead is attahed to the grain and the geome-
try is a genuine 2-terminal one. Taking into aount both
a nite level spaing and a nite grain Coulomb energy is
quite involved (with several dierent regimes) and goes
beyond the sope of the present paper. A step into this
diretion was reently ahieved in Ref. [25℄.
IV. CONCLUSIONS
In this paper, we have studied a geometry in whih a
small quantum dot in the Kondo regime is strongly ou-
pled to a large open quantum dot or open nite size wire
and weakly oupled to other normal leads whih are sim-
ply used as transport probes. The artiial impurity is
mainly sreened is the large quantum dot. Suh a geome-
try thus allows to probe the dot spetrosopi properties
without perturbing it. We have shown ombining sev-
eral tehniques how nite size eets show up in the dot
density of states and in the the ondutane matrix. We
hope the preditions presented here are robust enough to
be heked experimentally.
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